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Abstract  
Thermoplastic/epoxy blends were formed using an amine-cured epoxy polymer and a 
semi-crystalline thermoplastic: syndiotactic polystyrene (sPS). Complete phase-separation of 
the initially soluble sPS from the epoxy occurred via ‘reaction-induced phase-separation’ 
(RIPS) or via ‘crystalline-induced phase-separation’ (CIPS), depending upon the thermal 
processing history employed. Dynamic mechanical thermal analysis showed that no sPS was 
retained dissolved in the epoxy polymer. For RIPS, at concentrations of sPS of up to 8 wt.%, 
the sPS is present solely as spherical particles. However, macro phase-separation, giving a 
co-continuous microstructure, accompanied by local phase-inversion, dominates the RIPS 
blends containing more than 8 wt.% sPS. In the CIPS blends, the sPS is present as spherulitic 
particles, and this microstructure does not change over the range of sPS concentrations 
employed, i.e. from 1 to 12 wt.% sPS. The pure epoxy polymer was very brittle with a value 
of fracture energy, GIc, of about 175 J/m2. However, the addition of the sPS significantly 
increases the value of GIc, though the toughness of the RIPS and CIPS blends differs 
markedly. For the RIPS blends, there is a steady increase in the toughness with increasing 
content of sPS and an apparent maximum value of GIc of about 810 J/m2 is obtained for 8 to 
10 wt.% sPS. On the other hand, the measured toughness of the CIPS blends increases 
relatively slowly with the concentration of sPS, and a maximum plateau value of only about 
350 J/m2 was measured in the range of 8 to 12 wt.% sPS. The relationships between the 
microstructure of the RIPS and CIPS sPS/epoxy blends and the measured fracture energies 
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are discussed. Further, from scanning electron microscopy studies of the fracture surfaces and 
optical microscopy of the damage zone around the crack tip, the nature of the 
micromechanisms responsible for the increases in toughness of the blends are identified. For 
the RIPS blends, (i) debonding of the sPS particles, followed by (ii) plastic void growth of the 
epoxy matrix are the major toughening micromechanisms. The increase in toughness due to 
such micromechanisms is successfully predicted theoretically using an analytical model. In 
the case of the CIPS blends, the increase in the value of GIc results from (i) crack deflection 
and (ii) microcracking and crack bifurcation.   
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1. Introduction  
 Thermosetting epoxy polymers are widely used as engineering adhesives and matrices 
for fibre-composite materials. When cured, epoxy polymers typically possess a high crosslink 
density. This property leads to good thermal stability and creep resistance, relatively high 
modulus, and excellent adhesion properties. Unfortunately, the high crosslink density also 
leads to low ductility and poor fracture toughness, which limits their application as 
engineering materials. 
 
 A very successful route to improve the toughness of thermosetting polymers is to 
form a blend with a low molecular-weight rubber, where the rubber undergoes phase-
separation upon curing the blend [1-4]. The rubber-toughened epoxy often possesses 
outstanding fracture properties. However, the presence of the rubbery phase may decrease the 
modulus and the thermal stability of the material, and increase the tendency for water 
absorption with an accompanying loss of properties at elevated temperatures. Whilst for 
adhesive applications such decreases in modulus and temperature resistance are usually of no 
significance, in matrices for fibre-composites such effects can lead to unacceptable decreases 
in the properties of the fibre-composite.  
 
 An alternative approach to toughening epoxies for use with fibre-composites is based 
upon blending with a thermoplastic polymer that phase-separates upon curing of the resin [5-
11]. The thermoplastic phase has a relatively good thermal stability and low water uptake 
compared to the rubbers described above. Useful reviews of thermoplastic toughening have 
been prepared by Pascault and Williams [5], plus Hedrick et al. [12], Hodgkin et al. [13] and 
Pearson [14]. The thermoplastics employed have typically been functionalized poly(ether 
sulfone) [6, 9-11], poly(ether imide) [7, 15-16], polyimide [17], polysulfone [18-19] and 
polyester [11], which are all amorphous polymers. Semi-crystalline thermoplastics have been 
used previously, but as preformed particles; and all processing was conducted below the 
melting point of the thermoplastic [20-22].  
 
 The present study employs a thermoplastic/epoxy blend but the toughening agent is a 
semi-crystalline thermoplastic, namely syndiotactic polystyrene (sPS); as opposed to an 
amorphous thermoplastic which has been typically employed in previous studies, as noted 
above. sPS is a relatively new polymer, being synthesized first in 1985 by Ishihara et al. [23], 
whose semi-crystalline nature results in some excellent properties compared with its atactic, 
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and hence amorphous, counterparts. These properties include a relatively high Young’s 
modulus, very low water uptake, high heat resistance, and good solvent and chemical 
resistance [24]. One disadvantage is that sPS has to be processed at high temperatures due to 
its high melting point, Tm, of 270oC, which is close to the degradation temperature of the 
polymer [25]. However, the processing of sPS can be facilitated by lowering its melting 
temperature and viscosity using a curable epoxy/amine system as a reactive solvent [26].  
 
 Phase-separation of dissolved sPS from the epoxy occurs via two different routes in 
sPS/epoxy blends [27], depending upon the thermal processing history that is chosen. Firstly, 
‘reaction-induced phase-separation’ (RIPS) may occur. Here the reaction of the resin and the 
curing agent results in the formation of a three-dimensional epoxy network, forcing the sPS 
out of solution. Secondly, ‘crystallisation-induced phase-separation’ (CIPS) may be induced. 
Here the sPS crystallises before the epoxy network has developed sufficiently to force the 
sPS out of solution. The thermal processing history of the blend controls the phase-separation 
process: essentially keeping the temperature of the blend above the crystallisation 
temperature, Tc, of the sPS before curing will result in RIPS, whilst cooling of the blend to a 
temperature below Tc before curing will result in CIPS.  
 
 The present work describes how varying the thermal history has allowed the effects of 
RIPS and CIPS on the measured toughness to be quantified. As was observed earlier [28], a 
significant increase in toughness may be obtained from using relatively small concentrations 
of sPS thermoplastic in the epoxy polymer. This initial observation is discussed in detail in 
the present paper. The relationships between the toughness of the RIPS and CIPS blends and 
their microstructure are explored, and it is clearly demonstrated that the different 
microstructures may lead to significantly different values of fracture toughness. The 
toughening micromechanisms responsible for the marked increases in toughness arising from 
the presence of the sPS phase are then identified, and an analytical model is employed to 
quantitatively assess the increase in toughness that is observed.  
 
2. Experimental  
2.1 Materials  
 Syndiotactic polystyrene (sPS), ‘Dow Questra QA 101’, was supplied by Buna Sow 
Leuna Olefinverbund GmbH, Schkopau, Germany, in the form of coarse granules. The 
number-average molecular weight, Mn, was 94,100 g/mol, and the weight-average molecular 
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weight, Mw, was 192,000 g/mol [25]. The glass transition temperature, Tg, of the sPS was 
97.5 to 100°C, and the crystalline melting temperature, Tm, was 270.3°C, as measured using 
differential scanning calorimetry [27]. The supplied sPS granules were cryomilled to a fine 
powder before use in order to accelerate the melting of the sPS in the epoxy resin.  
 
 The epoxy resin was a diglycidylether of Bisphenol A (DGEBA), ‘DER 330’, 
supplied by Dow Chemicals, Texas, USA, with an epoxy equivalent weight of 191.6 g/mol (n 
= 0.15) [25]. The curing agent used was the aromatic diamine 4,4-methylene-bis-(3-chloro-
2,6-diethylaniline) (MCDEA). The ‘Lonzacure M-CDEA’ was supplied by Lonza AG, Basel, 
Switzerland, and was chosen because of its low reactivity in order to facilitate the high 
temperature processing of the sPS.  
 
2.2 Polymer blend preparation  
 Cast sheets of polymer, 6 mm thick, with two different thermal processing histories 
were prepared for mechanical testing. In both cases, the epoxy resin and the necessary 
amount of sPS were first mixed together in a beaker and placed in an oven preheated to 
290°C. The amount of sPS used was varied from 1 to 12 wt.%. The sPS/epoxy blend was 
stirred in the oven using a mechanical stirrer until the sPS melted and dissolved in the epoxy. 
This typically took 30 to 45 minutes depending on the amount of sPS: the higher the 
concentration of sPS, the longer the time it took to melt and dissolve the sPS into the resin. 
The blend temperature had at this point normally risen to about 270°C. Thus, melting of sPS 
took place below the melting point of the pure sPS since its melting point is significantly 
depressed in blends with epoxy resin [25]. After mixing, the next steps in the preparation 
procedures were different for the two thermal processing histories that were to be followed, 
depending upon whether RIPS or CIPS blends were being prepared:  
 
(1)  RIPS samples were prepared by first lowering the oven temperature to 220°C after the 
sPS was dissolved. Approximately 15 minutes later, the sPS/epoxy blend was mixed 
with the molten MCDEA curing agent held at a temperature of 220°C. The ratio 
between epoxy and MCDEA was 2:1 by weight. The mixing resulted in a liquid 
sPS/epoxy/MCDEA blend with a temperature of about 240°C.  
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(2)  CIPS samples were prepared by cooling the sPS/epoxy blend to induce pre-
crystallisation of sPS prior to mixing in the MCDEA curing agent. Pre-crystallisation 
occurred at a blend temperature of 195 to 185°C, which is close to the expected 
crystallisation temperature of sPS. The blend, which was initially transparent, turned 
milky-white and became more viscous at this point. A few minutes later, the blend was 
mixed with the molten MCDEA, which had been held at a temperature of 220°C.  
 
After either of these steps, the sPS/epoxy/MCDEA blends were stirred for two minutes before 
they were poured into a preheated mould and cured for one hour. The RIPS blends were then 
cured at 230°C, whilst the CIPS blends were cured at 220°C. The oven was then switched off 
and the mould was left in the oven to cool slowly overnight, after which time the sheet of 
polymer was removed from the mould. Sheets of pure epoxy were prepared according to the 
procedure for both the RIPS and the CIPS sheets, but with the omission, of course, of the 
sPS. (It should be noted that in the previous work [28] all samples had been cured at 220oC. 
However, it was found that, in some cases, this led to a mixed RIPS plus CIPS 
microstructure, rather than a pure RIPS material. Hence, in the present studies, the curing 
temperature was increased to 230oC for all the RIPS samples.)  
 
2.3 Fracture testing  
 The compact tension test was used to determine the fracture toughness, KIc, of the 
polymers. Specimens were machined from the sheets, and the fracture toughness was 
determined according to the relevant standard [29], using a displacement rate of 1 mm/min 
and a test temperature of 21°C. Four replicate specimens were tested for each blend 
composition. The machined notch was sharpened by drawing a razor blade across the notch 
tip before testing. All the specimens failed by unstable crack growth, and hence only a single, 
initiation, value of the fracture toughness was obtained from each specimen. The fracture 
energy, GIc, was calculated from the fracture toughness using:  
 
( )2
2
Ic
Ic ν1E
K
G −=           (1)  
 
where E is the modulus of elasticity obtained from the dynamic mechanical thermal analysis 
studies, and ν is the Poisson’s ratio of the polymer, taken to be 0.35 [30].  
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2.4 Material characterisation  
 The fracture surfaces of the specimens were investigated using scanning electron 
microscopy (SEM). A JEOL ‘JSM-5300’ scanning microscope was used, and all specimens 
were coated with a thin layer of sputtered gold before analysis. Surface roughness 
measurements of the fracture surfaces were performed using a Form Talysurf Series 2. A 
sharp stylus with a tip radius of 2.5 μm, attached to a cantilever, was drawn across the surface 
at a constant speed for a set distance. Five measurements with a traverse length of 4 mm were 
performed perpendicular to the direction of the crack growth. The average roughness, Ra, of 
the line profiles was calculated.  
 
 Thin sections, approximately 60 to 80 nm thick, of the blends were cryo-microtomed 
for subsequent examination using transmission electron microscopy (TEM). The TEM was 
performed using a JEOL ‘JEM-2000FX II’ electron microscope at an acceleration voltage of 
200 kV.  
 
 The blends were also investigated using reflection optical microscopy (ROM) and 
transmission optical microscopy (TOM). Before optical microscopy, the specimens were 
polished using standard petrographic methods as described by Holik et al. [31]. This process 
involves cutting a piece of the specimen and embedding it in a low viscosity epoxy. The 
specimen is then polished using aluminium oxide paper, whilst cooling the specimen with 
water. Different polishing cloths and diamond pastes of increasing fineness are employed 
until the required surface finish for ROM is obtained. For analysis using TOM, the polished 
piece is mounted onto a glass slide, with the polished side face-downwards, and then polished 
again until the required thickness, of approximately 40 μm, and surface finish are obtained.  
 
 Dynamic mechanical thermal analysis (DMTA) was performed by testing bars 48 × 3 
× 2 mm in size in the three-point-bending mode at 1 Hz using a ‘Tritec 2000 DMTA’ from 
Triton Technology. The storage modulus, loss modulus and loss factor, tan δ, were calculated 
as a function of temperature. The glass transition temperature, Tg, was taken to be the 
temperature at which the peak value of tan δ occurred. Note that DMTA gave somewhat 
higher Tg values than those obtained using differential scanning calorimetry, e.g. in ref. [27]. 
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2.5 Double-notch four-point-bend testing  
 To investigate the toughening micromechanisms of the polymer blends a double-
notch four-point-bend (DN-4PB) technique was employed [32-36]. When the specimen is 
loaded in four-point bending, two almost identical pre-cracks experience nearly identical 
levels of stress. One of the cracks will propagate unstably, thus resulting in fracture, while the 
other crack will not propagate. After fracture, the ‘nearly-critical’ damage zone that has 
developed at the tip of the crack which did not propagate, can be investigated using 
microscopic techniques such as TEM and TOM. This damage zone can give information 
about the deformation micromechanisms taking place in the polymer blend, such as 
deformation, elongation or cavitation of second-phase particles, or plastic deformation of the 
polymer matrix.  
 
 The DN-4PB technique was performed by broadly following the procedure of Sue 
[32-33]. Rectangular specimens of size 62 × 8.5 × 4.2 mm were cut from the sheet materials, 
and two notches were machined. Two nearly identical pre-cracks were made by gently 
tapping a razor blade into each of the two notches. The ratio between the final crack length, a, 
and the specimen width, w, was held in the range 0.3 to 0.7. The distance between the two 
cracks was 5.6 mm. The specimens were loaded in four-point bending, using a rate of 
displacement of 1 mm/min, and a test temperature of 21oC.  
 
2.6 Plastic zone size  
 Microscopy of the sub-critical crack in the DN-4PB specimens allows the size of the 
plastic zone at the crack tip to be measured experimentally. This value can be compared to 
the theoretical size of the plastic zone ahead of the crack tip, calculated assuming linear-
elastic fracture-mechanics (LEFM) behaviour. Under plane-strain conditions and assuming 
that the zone is circular [37] as proposed by Irwin, the radius of the plastic zone, ry, can be 
calculated using the relationship:  
 
2
y
Ic
y
K
6
1r 







=
σπ
          (2)  
 
where KIc is the fracture toughness and σy is the tensile yield stress of the polymer.  
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 However, in many polymers the plastic zone ahead of the crack tip is not circular, and 
is better modelled as a line-zone using the Dugdale analysis [37]. The length of the plastic 
zone, R, ahead of the crack tip can be estimated using the relationship:  
 
2
y
IcK
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
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


=
σ
π           (3)  
 
Under plane-strain conditions, the crack-opening displacement at the crack tip is given by 
[37]:  
 
( )2
y
2
Ic
t ν1Eσ
K
δ −=           (4)  
 
In the present work, the compressive yield stress, σyc, of the unmodified epoxy polymer, 
cured at 220oC, is 97.8 MPa [38], and the tensile yield stress, σy, can be calculated from the 
compressive yield stress [39]; giving a value of σy = 77.3 MPa.  
 
3. Fracture properties  
 The dependence of the fracture toughness, KIc, at the onset of crack growth as a 
function of the concentration of the thermoplastic sPS is shown in Fig. 1, for the RIPS and 
the CIPS blends. These data are also summarised in Table 1.  
 
 The pure epoxy polymer is very brittle with KIc values of 0.55 and 0.73 MNm-3/2, after 
curing at 220 and 230oC respectively, which is typical of a brittle thermosetting polymer [10, 
30]; with only a small difference being seen due to the slightly different cure temperatures. 
The addition of only 1 wt.% sPS gives an immediate increase in toughness. A value of about 
0.8 MNm-3/2 is recorded for both the RIPS and for the CIPS blends.  
 
However, above 3 wt.% sPS the measured fracture toughness for the RIPS and CIPS 
blends differs markedly. For the RIPS blends there is a steady increase in toughness with 
increasing content of sPS. A maximum value of KIc = 1.42 MNm-3/2 is obtained at 8 wt.% 
sPS, see Fig. 1; with the initial relationship between KIc and wt.% sPS being linear. Above 8 
wt.% of sPS, the toughness starts to decrease somewhat. The measured toughness of the CIPS 
blends increases only slightly for concentrations of sPS above 1 wt.% sPS. Hence, the 
toughness of the CIPS blends does not reach a maximum value in the same way as for the 
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RIPS blends, but is approximately constant, within experimental error, over the range from 1 
to 12 wt.% of sPS used in the present work. For example, a value of KIc = 0.83 MNm-3/2 was 
measured for the CIPS blend containing 1 wt.% of sPS, and a KIc of 0.93 MNm-3/2 was 
measured for the CIPS blend containing 8 wt.% sPS. In addition, the measured toughness 
values are much lower than those for the RIPS blends. This is clearly shown by comparing 
the KIc values at 8 wt.% sPS. At this concentration, the value of KIc for the RIPS blend is 
more than 50% higher than that for the CIPS blend.  
 
There are several noteworthy points from the above results. Firstly, the significant 
increase in the fracture toughness upon the addition of only very small amounts of sPS. 
Secondly, there is a significant difference between the fracture performance of the RIPS and 
the CIPS blends. Thirdly, previous thermoplastic/epoxy blends have employed amorphous, 
rather than semi-crystalline, thermoplastics to improve the fracture performance of polymer 
blends. However, large increases in the value of KIc are generally only measured when a co-
continuous or phase-inverted microstructure is formed, and 20 to 30 wt.% of amorphous 
thermoplastic is typically required to achieve the optimum mechanical properties [11, 13, 15-
16].  
 
4. Microstructure of the sPS/epoxy blends  
4.1 Introduction  
The cured sPS/epoxy blends were investigated using reflection optical microscopy 
(ROM) and transmission electron microscopy (TEM) of the blends, and scanning electron 
microscopy (SEM) of the fracture surfaces to determine the microstructure. The blends 
prepared by the ‘reaction-induced phase-separation’ (RIPS) mechanism gave a very different 
microstructure than the blends prepared by the ‘crystallisation-induced phase-separation’ 
(CIPS) mechanism. Thus, the thermal history of the blends has a significant effect on the 
microstructure.  
 
 Microscopy of the unmodified epoxy showed that a homogeneous thermoset is 
formed. The fracture surface of the pure epoxy polymer is virtually flat and featureless, which 
is typical of a brittle thermosetting polymer [22], and shows that little plastic deformation has 
occurred during fracture.  
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4.2 The RIPS blends (containing 1 to 8 wt.% sPS)  
 Optical microscopy of the RIPS blends showed that the thermoplastic sPS phase is 
present as particles that are homogeneously distributed through the epoxy matrix, as shown in 
Fig. 2. These particles are a few micrometres in diameter, with a relatively narrow size 
distribution. A transmission electron micrograph of a microtomed section of the RIPS blend 
containing 6 wt.% sPS is shown in Fig. 3. The second-phase sPS particles are formed as the 
result of the gelation of the epoxy polymer during the curing reaction, leading to the RIPS of 
the sPS; with the phase-separation occurring prior to gelation [27]. At relatively low 
concentrations of sPS, the particles are typically 1-3 µm in diameter, but the number and the 
size of the particles increases with the concentration of sPS, leading to particles in the range 
2-4 µm for the RIPS blend containing 8 wt.% sPS, see Fig. 4, where the maximum value of 
fracture toughness is reached.  
 
 The fracture surfaces of the RIPS blends, see Fig. 4, show clearly the spherical sPS 
particles. There are also many sites in the fracture surfaces where particles are missing; either 
because they are trapped within a cavity on the opposite fracture surface, or because they 
have fully debonded from the epoxy matrix and subsequently fallen from the fracture surface. 
These micrographs also show that the sPS particles appear to be poorly bonded to the epoxy. 
The surfaces of the particles are clean, with no residual epoxy attached to them. Polystyrene 
has a relatively low surface free energy compared to the epoxy matrix and will not be readily 
wetted by, or adhere well to, the epoxy [40]. Poor adhesion is therefore to be expected 
between the thermoplastic phase and the epoxy matrix, and hence the sPS can easily debond 
from the epoxy matrix during fracture.  
 
4.3 The RIPS blends (containing above 8 wt.% sPS)  
 In the concentration range above 8 wt.% sPS in the RIPS blends, the sPS is mainly 
present as a co-continuous phase in the epoxy matrix and ‘macro phase-separation’ occurs; 
i.e. the sPS phase now has dimensions on the order of millimetres, as shown in Figs. 5 and 
6a. The co-continuous macro-phase of sPS has a large number of approximately spherical 
epoxy particles within it, as shown in Fig. 5. These particles are present throughout the macro 
phase-separated sPS, indicating that there is a local phase-inversion. SEM shows that these 
phase-inverted epoxy particles are typically 10-50 µm in diameter, see Fig. 6(b). 
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In addition to the macro phase-separation, above 8 wt.% sPS, the RIPS blends still 
contain spherical sPS particles in the epoxy matrix, with a diameter of a few micrometres, as 
was observed for lower concentrations of sPS.  
 
 This macro phase-separation of sPS during RIPS has been observed previously [27], 
and takes places in a critical region between 8 to 15 wt.% sPS. Note that some, but very little, 
macro phase-separation of sPS was also observed at 8 wt.% sPS, using optical microscopy. 
This suggests that 8 wt.% sPS is close to the maximum concentration where only spherical 
particles of sPS will be formed during the reaction-induced phase-separation of the sPS, 
under the conditions used in these studies.  
 
4.4 The CIPS blends  
 The CIPS blends, where the sPS is pre-crystallised before curing the epoxy, have a 
microstructure that is very different from that of the RIPS blends. Scanning electron 
microscopy of the fracture surfaces did not show the microstructure of the blends clearly, see 
Fig. 7, but did reveal that the CIPS blends did not contain any of the spherical particles seen 
in the RIPS blends. However, the microstructure of the CIPS blends was identified using a 
combination of optical and transmission electron microscopy. 
 
 Fig. 8 shows a reflection optical micrograph of a polished surface of the CIPS blend 
containing 8 wt.% sPS. The darker, particulate, areas in the micrograph are the sPS phase. 
The sPS domains vary greatly in size, and are much larger than those observed for the RIPS 
blends. The smallest domains have a diameter around 15 μm, while the largest domains have 
a diameter of approximately 300 μm.  
 
 TEM of the CIPS blend containing 8 wt.% sPS, see Fig. 9, shows that the sPS is 
present as spherulites with a thin fibrillar substructure, the thickness of the fibrils being as 
low as a few nanometres. Crystallites which have a spherulitic microstructure with an open 
and pronounced fibrillar substructure have previously been observed in sPS/DGEBA blends 
[27]. No macro phase-separation of sPS was observed for the CIPS blends at any 
concentration of sPS.  
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5. Dynamic mechanical thermal analysis (DMTA) studies 
5.1 Introduction  
 Dynamic mechanical thermal analysis (DMTA) was used to determine the modulus, 
E, and the glass transition temperature, Tg, of the epoxy and sPS phases present in the 
sPS/epoxy blends, see Table 1. The variation of modulus and loss factor, tan δ, with 
temperature for the cured epoxy polymer, pure sPS, and some of the RIPS and CIPS blends 
are shown in Fig. 10.  
 
5.2 Glass Transition Temperature 
5.2.1 Epoxy Tg 
 The DMTA results show that the Tgs of the pure epoxy polymer and of the epoxy 
matrix in the sPS/epoxy blends were in the range 181±3oC, independent of the concentration 
of sPS and the thermal processing history; i.e. whether RIPS or CIPS, and hence independent 
of the blend microstructure. The sPS has totally phase-separated in the cured blends. Thus, no 
sPS is present in the epoxy matrix; or indeed in the phase-inverted epoxy particles within the 
macro-phase of sPS for the RIPS blends containing more than 8 wt.% sPS.  
 
5.2.2 The RIPS blends (containing 1 to 8 wt.% sPS)  
 The RIPS blends with a concentration up to 8 wt.% sPS, gave a Tg of the sPS phase at 
101±1oC, in addition to the Tg of the epoxy matrix, as shown in Fig. 10 and Table 1. In 
contrast, the Tg of the pure sPS was 114±1oC. This discrepancy will be discussed below.  
 
5.2.3 The RIPS blends (containing above 8 wt.% sPS)  
For the RIPS blends containing 10 and 12 wt.% of sPS the DMTA results are 
somewhat more complex. The sPS phase possessed a main tan δ peak, representing the main 
Tg of this phase, of 115±1oC, as shown in Table 1. However, a shoulder was observed to be 
present on this peak at 101ºC, see Fig. 11.  
 
 The RIPS blends containing 1 to 8 wt.% of sPS possessed the sPS phase solely in the 
form of well-dispersed spherical particles. However, for the RIPS blends containing 10 to 12 
wt.% of sPS, the sPS phase-separated to give (i) a co-continuous macro-sized phase, with 
local phase-inversion within the sPS macro-phase, and (ii) a relatively low concentration of 
spherical particles of phase-separated sPS. Thus, these observations from the various 
 14 
microscopy studies are clearly confirmed by the DMTA results. The weak-intensity shoulder 
at 101ºC may be assigned to the particulate phase-separated sPS. This assignment is in full 
agreement with that for the similar particulate morphology of the sPS phase seen in the RIPS 
blends containing 1 to 8 wt.% sPS. The main broad Tg peak seen at 115ºC in the RIPS blends 
containing 10 and 12 wt.% of sPS may be assigned to the co-continuous, macro-size, phase-
separated sPS, which also has within it local phase-inversion giving rise to epoxy particles. 
Note that the Tg of the sPS in the macro-phase is not significantly different to that of pure 
sPS, see Table 1.  
 
5.2.4 The CIPS blends  
 For the CIPS blends, no clear Tg could be observed for the sPS at around 114oC. 
However, a shoulder on the lower-temperature side of the tan δ peak for the epoxy polymer 
was observed at approximately 105oC, see Fig. 12. The intensity of this shoulder is dependent 
on the concentration of sPS, with higher concentrations resulting in a more intense shoulder. 
Indeed, if the pure epoxy tan δ data are subtracted from that of the results for the CIPS blends 
a broad peak emerges around a maximum temperature of about 143oC for the 5 wt.% blend 
and 135oC for the 12 wt.% blend. Thus, it appears that the Tg of the spherulitic sPS phase in 
the CIPS blend has a significantly higher Tg than that of the pure sPS of 114oC.  
 
5.2.5 The Tgs of the sPS phases in the RIPS and CIPS blends  
 From the above discussion, three noteworthy points emerge:  
 
(1) The RIPS blends, with a concentration up to 8 wt.% sPS, give a Tg of the sPS spherical, 
particulate phase of 101oC. In contrast, the Tg of the pure sPS was 114oC. 
 
(2) The main broad Tg peak seen at 115ºC in the RIPS blends containing 10 and 12 wt.% of 
sPS may be assigned to the co-continuous, macro-sized, phase-separated sPS, which 
also has within it local phase-inversion giving rise to epoxy particles. This value 
corresponds to that of the Tg of pure sPS. 
 
(3) The Tg of the spherulitic sPS phase in the CIPS blend has a significantly higher Tg of 
about 140oC compared to that of the pure sPS of 114oC. 
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 These differences in the Tgs of the sPS phase compared to the pure sPS are most 
likely to arise from the degree of crystallisation of the sPS phase in the blends being different 
to that of the pure sPS. This raises several interesting points. Firstly, the sPS phases may well 
exhibit different crystalline melting temperatures, Tm, to that of the pure sPS, and this effect 
might well lead to different Tg values for the sPS phases in the blends, as compared to the 
pure sPS polymer [41]. Indeed, it has been reported [42] that the Tg of amorphous sPS was 
about 10oC lower than that of the amorphous regions in sPS with a crystallinity of 
approximately 60%. However, in the present studies, the epoxy matrix starts to degrade at 
around 275oC, which masks the melting of the sPS in the blends, at about 270oC. Secondly, it 
has been reported that the degree of crystallinity of the pure sPS used in the present studies 
was about 60% [27], whilst the sPS particles in the RIPS blends are relatively amorphous 
[43]. This observation is supported by the transmission optical micrographs obtained using 
polarized light, as shown in Fig. 13(a), which demonstrate that the sPS particles in the RIPS 
blends have low crystallinity, and hence, they are difficult to detect. Thirdly, turning to the 
CIPS blends, the relatively high Tg of the spherulitic sPS phase may also be attributed to the 
degree of crystallinity in this sPS phase, since the sPS is crystallised before the curing agent 
is added, and hence before any curing of the epoxy matrix occurs. Thus, the sPS phase in the 
CIPS blends is able to attain a highly crystalline state, and therefore a high Tg of the 
amorphous regions is measured. Indeed, the spherulitic sPS structure in the CIPS blends can 
clearly be seen in Fig. 13(b), which would indicate a relatively high crystallinity. Further, it 
has also been reported [27] that the crystallinity of the sPS phase in uncured sPS/DGEBA 
blends, which also has a spherulitic structure, is increased with decreased content of sPS. 
This would result in a higher Tg being measured for the sPS phase at lower concentrations of 
added sPS, which is, indeed, observed for the present CIPS blends.  
 
Thus, the most likely explanation for the different values of Tg for the sPS phases in 
the RIPS and CIPS blends is due to the degree of crystallisation of the sPS. The crystallinity 
increases as the sPS phase changes in nature from particulate (in the RIPS blends at relatively 
low sPS concentrations) to co-continuous (in the RIPS blends at relatively high sPS 
concentrations) to spherulitic (in the CIPS blends).  
 
5.3 Modulus data  
The moduli of the pure epoxy, and of all of the sPS/epoxy blends, were in the range 
2.18±0.05 GPa, see Table 1. The only significant exceptions to this were the macro phase-
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separated 10 and 12 wt.% RIPS blends, which possessed a modulus of around 2.01 GPa. The 
modulus of the pure sPS was somewhat higher at 2.61 GPa. These data show that the 
modulus of the epoxy polymer is not normally decreased upon addition of sPS, except in 
cases where macro phase-separation of the sPS takes place. Indeed, using a rule of mixtures 
analysis, the modulus of the blends would be expected to increase slightly with increasing 
concentrations of sPS. However, the predicted increase is small, and would be expected to be 
within the experimental scatter. It should also be noted that the small reduction in modulus 
for the macro phase-separated blends is not unexpected, as there is little or no adhesion 
between the large domains of sPS and the epoxy matrix.  
 
6. Toughening micromechanisms  
6.1 Values of the fracture energy 
 The fracture energy, GIc, was calculated from the fracture toughness, KIc. These 
values are shown as a function of the concentration of sPS in Fig. 14. The pure epoxy 
polymer has a value of GIc of 120±5 J/m2 when cured at 220oC and a value of about 230±50 
J/m2 when cured at 230oC. (It will be recalled that the CIPS blends are cured at 220oC, but the 
RIPS blends are cured at 230oC. Thus, the ‘control’ pure epoxy polymer appropriate to either 
of these blends does possess a somewhat different value of GIc.)  
 
 The RIPS blends exhibit far higher fracture energies than the CIPS blends, at 
thermoplastic contents of 5 wt.% or more, see Fig. 14. The RIPS blends give a steady 
increase in GIc from the pure epoxy value of 230 J/m2 to an apparent maximum of about 810 
J/m2 at 8 to 10 wt.% sPS. Upon macro phase-separation of the sPS starting at about 10 wt.% 
of sPS, the fracture energy of the RIPS blends does appear to decrease slightly. For the CIPS 
blends, the fracture energy of the corresponding pure epoxy polymer is 120 J/m2 and the 
fracture energy at 5 wt.% of sPS is about 320 J/m2, with a maximum plateau value of about 
350 J/m2 being measured over the range of 8 to 12 wt.% sPS.  
 
 Thus, there are two noteworthy features. Firstly, the strong dependence of the value of 
GIc due to (i) the concentration of sPS in the blend and (ii) the microstructure of the 
sPS/epoxy blend. Secondly, the very marked increase in toughness that arises in the RIPS 
blends for a relatively low concentration of sPS in the epoxy polymer. For example, the 
toughness was increased from 230 J/m2 for the pure epoxy to a value of 800 J/m2 for the 8 
wt.% sPS/epoxy blend. 
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6.2 Toughening micromechanisms  
6.2.1 Toughening micromechanisms in the pure epoxy  
 The pure epoxies cured at 220 and 230oC have fracture energies of 120 and 230 J/m2, 
respectively. These values are typical of brittle thermosetting epoxy polymers [10, 30]. 
Microscopy showed that the fracture surfaces are flat and virtually featureless, which is 
typical of a brittle thermosetting polymer [22], indicating that little plastic deformation has 
occurred during fracture.  
 
 The double-notch four-point bending (DN-4PB) technique was used to investigate the 
toughening micromechanisms. Optical microscopy was used to examine the damage zone 
formed at the sub-critical crack tip of the DN-4PB specimens. The sub-critical pre-crack in 
the pure epoxy specimen was straight, perpendicular to the direction of the applied tensile 
stress, and it was not deflected. No evidence of plastic deformation of the epoxy matrix was 
found at the damaged crack tip. Polarised light TOM showed that the plastic zone was 
approximately 13 µm long by 3 µm wide. The theoretical size of the plastic zone ahead of the 
crack tip can be calculated as discussed above. The shape of the plastic zone clearly 
resembled that proposed by the Dugdale model, and Eq. (3) gives a plastic line-zone length, 
R, of 20 μm, while Eq. (4) gives a crack-opening displacement of 2 µm. These theoretical 
values therefore agree quite well with the measured size of the plastic zone.  
 
6.2.2 Toughening micromechanisms of the RIPS blends (1 to 8 wt.% sPS)  
 For the RIPS blends containing 1 to 8 wt.% sPS, the sPS phase is present as spherical 
particles, see Fig. 4 for example. The number and the size of the particles increase 
significantly as the concentration of sPS is increased. For example, the diameter of the 
particles increases from 1-3 µm at low concentrations of sPS, up to 2-4 µm at 8 wt.% sPS. 
These increases are accompanied by an increase in the fracture energy, from the pure resin 
value of 230 J/m2 to a value of 800 J/m2 at 8 wt.% sPS. This represents an increase in the 
fracture energy of 350% for the addition of only 8 wt.% of the thermoplastic.  
 
 Scanning electron microscopy of the fracture surfaces shows that debonding has 
occurred between the spherical sPS particles and the epoxy matrix. Indeed, cavities are 
present around the sPS particles, see Fig. 4(d). These cavities might at first be considered to 
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arise from differences in the thermal expansion coefficients, resulting in differential 
contraction of the thermoplastic and thermoset polymers during cooling of the blend from its 
curing temperature. However, this consideration is not supported by transmission electron 
microscopy, see Fig. 3 for example, which show that no such cavities were present prior to 
undertaking the fracture tests. These observations are confirmed by reports in the literature, 
where no cavities were observed in other thermoplastic/epoxy blends prior to fracture [10]. 
Indeed, the literature reveals that the epoxy tends to shrink onto the particles during curing, 
rather than away from them, and hence there are no cavities formed prior to fracture testing. 
Thus, the cavities clearly arise from debonding of the particles during fracture of the 
specimens, which is then followed by plastic void growth of the epoxy matrix. These events 
are all encouraged by the presence of the triaxial stresses at the crack tip under the plane-
strain constraint conditions [22]. Considering the debonding mechanism, then the adhesion 
between the polystyrene and the epoxy would be expected to be relatively poor since 
polystyrene has a low surface free energy compared to the epoxy resin, which leads to very 
poor wetting of the polystyrene particles by the epoxy and only weak adhesion forces acting 
across the interface [30]. Thus, the sPS particles can easily debond from the epoxy matrix 
during fracture, as shown by the lack of residual epoxy on the surfaces of the sPS particles, 
see Fig. 4 for example. The debonding of the particles then enables plastic void growth of the 
epoxy polymer to occur. Hence, it appears that the increase in toughness in the sPS/epoxy 
blends prepared via the RIPS procedure arises from the energy dissipated by debonding of the 
spherical sPS particles and, more importantly, the energy associated with plastic void growth 
in the epoxy polymer.  
 
 Transmission electron microscopy of the sub-critical crack in the DN-4PB specimens 
was used to further confirm that the debonding and void growth did indeed occur within the 
damage zone at the crack tip. The transmission electron micrographs of the RIPS blend 
containing 6 wt.% sPS, shown in Fig. 15, illustrate the differences between the undamaged 
bulk polymer and the damage zone at the crack tip. Spherical sPS particles, having a diameter 
of approximately 1-3 μm are clearly seen in the micrograph of the undamaged bulk polymer, 
see Fig. 3. On the other hand, the micrographs of the thin section taken from the area close to 
the crack tip, see Fig. 15, show the presence of voids in the damage zone. Such voids could 
also be observed by optical microscopy. These voids are much larger than the sPS particles, 
indicating that void growth has indeed occurred after debonding of the sPS. It should be 
noted that particles are normally not seen in the voids, because they have debonded during 
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testing, and have subsequently fallen out of the voids prior to, or during, the microtoming of 
the thin sections. However, some particles are still present in the voids in Fig. 15, clearly 
showing the large difference in size between the particles and the voids. The presence of the 
large voids in the damage zone shows that plastic void growth of the epoxy polymer is a 
major energy dissipating, and thus toughening micromechanism, in the sPS/epoxy blends 
with the RIPS microstructure. Elongation of the sPS particles, except for some very limited 
elongation due to the microtoming process, was not observed in the transmission electron 
micrographs.  
 
 In the case where only the spherical sPS particles are responsible for the increase in 
toughness and fracture energy in the RIPS blends, one would expect an approximately linear 
increase in these properties as the number and the volume fraction of the particles are 
increased. The increase in toughness and fracture energy is indeed approximately linear up to 
around 8 wt.% sPS, see Fig. 14. The fracture energy of the RIPS blend containing 8 wt.% sPS 
was somewhat higher than for the 6 wt.% sPS blend. However, thin films from the area 
around the sub-critical crack tip of the 8 wt.% blend could not be prepared by microtomy. 
This is probably due to the high volume fraction of voids in the epoxy matrix, and the thin 
walls between the voids, which made the samples extremely fragile.  
 
 The damage zone at the sub-critical crack tip of the DN-4PB specimens can also be 
investigated using optical microscopy. As discussed above, the direction of the sub-critical 
crack in the pure epoxy polymer specimen was straight and there was little evidence of 
plastic deformation of the epoxy. For the RIPS blends, the sub-critical crack is still relatively 
straight, confirming the observation of the relatively flat fracture surfaces from using 
scanning electron microscopy. However, TOM shows a dark area in front of the crack tip due 
to scattering of the transmitted light, see Fig. 16, revealing the region where debonding of the 
sPS particles, accompanied by plastic void growth, and plastic dilation of the epoxy matrix 
has occurred. The micrograph shows that the plastic zone is approximately 80 μm at its 
longest and 30 μm at its widest points. The theoretical size of the plastic zone may be 
calculated as discussed above. The value of the fracture toughness, KIc, for the RIPS blend 
containing 8 wt.% sPS was 1.42 MNm-3/2. The observed shape of the plastic damage zone 
ahead of the crack tip is a line-zone, and thus the Dugdale analysis may be employed to 
model its shape, see Eqs. (5) and (6) earlier. The length of the plastic zone, R, ahead of the 
crack tip is calculated to be 133 μm, while the crack-opening displacement, δt, is 10 µm. 
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Thus, whilst the length and height of the observed plastic zone in Fig. 16 do not agree exactly 
with the calculations from the Dugdale model, considering the theoretical assumptions and 
experimental difficulties, the agreement is relatively good.  
 
6.2.3 Toughening micromechanisms of the RIPS blends (above 8 wt.% sPS)  
 At concentrations of sPS higher than 8 wt.%, macro phase-separation of sPS occurs, 
as shown in Fig. 6(a). The size of the macro-phase is typically on a millimetre scale, and it 
contains a large number of relatively spherical epoxy particles as a result of local phase-
inversion. The diameter of these particles is typically 10-50 µm, as shown in Fig. 6(b). 
However, a relatively low concentration of spherical sPS particles are still present in the 
epoxy matrix regions of the blend.  
 
 The measured fracture energy increases approximately linearly up to 8 wt.% sPS, and 
an apparent maximum is reached at 10 wt.%, but upon further addition of sPS the value of GIc 
appears to decrease somewhat, as shown in Fig. 14. This decrease coincides with the start of 
the macro phase-separation of the sPS that takes place above 8 wt.%. The reduction in 
fracture energy arises from two factors. Firstly, the co-continuous structure of the sPS means 
that the crack must propagate through the sPS phase, which has been shown to exhibit a 
lower fracture toughness than the pure epoxy [28]. Scanning electron microscopy shows that 
the surface area of fractured sPS is very small, as the macro-phase sPS is present only as thin 
shells between the phase-inverted epoxy particles, see Fig. 6(b). Secondly, the macro phase-
separated sPS occupies a relatively large volume fraction compared to the spherical sPS 
particles, due to the local phase-inversion that increases the volume of the co-continuous sPS 
phase. Thus, there is a large interface between the sPS and the epoxy matrix. Due to the poor 
adhesion between sPS and epoxy, this interface provides an excellent site for crack 
propagation. The importance of both factors will increase as the volume fraction of the 
macro-phase sPS is increased. Hence, a reduction in the measured fracture energy of the 
RIPS blends would be expected upon an increased concentration of sPS, as is indeed 
observed.  
 
 Interestingly, Pascault and Williams [5] have commented that, where authors have 
seen an increase in toughness followed by a decrease, this has normally been associated with 
the formation of a phase-inverted structure where there is poor adhesion between the two 
phases. For example, McGrail and Street [44] showed that for a thermoplastic additive that 
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could not chemically react with the epoxy resin, the toughness passed through a maximum. 
However, when the thermoplastic was able to form covalent bonds to the resin, then the 
measured toughness continued to increase as the thermoplastic concentration was increased.  
 
6.2.4 Toughening micromechanisms of the CIPS blends  
 For the CIPS blends, the semi-crystalline sPS phase is present as spherulites with an 
open and pronounced fibrillar substructure in the cured epoxy polymer matrix. The smallest 
spherulites have a diameter of around 15 μm, while the largest have a diameter of 
approximately 300 μm. 
 
 The fracture energy of the CIPS blend containing 1 wt.% sPS is more than double that 
of the pure epoxy, as shown in Fig. 14. However, the fracture energy only increases relatively 
slowly above 1 wt.% sPS. For example, GIc = 270 J/m2 at 1 wt.%, and a maximum value of 
about 350 J/m2 is measured in the range 8 to 12 wt.% sPS. The measured values of GIc at high 
sPS contents are considerably lower than for the RIPS blends, and the fracture energy does 
not pass through a maximum value as a function of the concentration of added sPS. For the 
CIPS blends, the value of GIc increases only slowly over the whole range from 1 to 12 wt.% 
of sPS.  
 
 The CIPS blends exhibit much coarser and less well-defined fracture surfaces 
compared with the RIPS blends, see Fig. 7. At lower concentrations of sPS there are both 
rough and smooth areas on the fracture surfaces, and river markings parallel to the crack 
growth direction are also visible, see Fig. 7(a). These river markings are caused by crack 
forking [45]. As the concentration of sPS is increased in the CIPS blends, the surface 
becomes rougher. Indeed, the smooth areas, and also the river markings, become less 
common and disappear completely at high concentrations of sPS, see Fig. 7(c) for example. It 
is difficult to determine how the crack propagates through the CIPS blends using SEM, since 
it is difficult to distinguish between the sPS and the epoxy phases. In addition, the resolution 
of the scanning electron microscope is too low for detection of very small features such as the 
thin crystalline fibrils in the CIPS blends.  
 
 Nevertheless, two different types of toughening micromechanisms may be identified 
from the optical micrographs of the DN-4PB specimens of the CIPS blends, as shown in Fig. 
17. These are (i) crack deflection, and (ii) microcracking and crack bifurcation; and they are 
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not observed in the corresponding optical micrographs of either the pure epoxy or the RIPS 
blends.  
 
 Crack deflection may be readily observed by comparing the optical micrographs of 
the CIPS blends, as shown in Fig. 17, with those of the pure epoxy and the RIPS blends. The 
pre-made cracks in the pure epoxy and the RIPS samples are virtually straight, normal to the 
applied tensile stress. Whereas, in the CIPS samples, the crack shows significant deviation 
from a straight path. When the crack propagates it will tend to take the path with the lowest 
resistance to crack propagation; and from Fig. 17 it is clear that the spherulitic sPS domains 
give rise to significant crack deflection. This produces the observed increase in the roughness 
of the fracture surfaces with increasing concentration of sPS, as shown in Fig. 7, and hence 
an increase in the true (i.e. local) fracture surface area. Also, when the propagating crack tilts 
or twists, as it is deflected, it is not loaded in pure mode I, but under a local mixed-mode I/II 
(tensile/in-plane shear) loading [46]. It is well known that crack propagation under mixed-
mode I/II loading requires more energy dissipation than under solely mode I loading. Hence, 
via either or both of these effects, crack deflection in the CIPS blends will absorb additional 
energy, and contribute to the observed toughening effect, as is discussed in more detail 
below. 
 
 Microcracking and crack bifurcation were observed close to the sub-critical crack tip, 
see Fig. 17(b), and also in the wake of the crack tip. Microcracks would appear to form in the 
spherulitic sPS phase ahead of the main crack tip, and arrest when the crack tip meets the 
epoxy-matrix phase. These microcracks follow the interface between the sPS fibrils and the 
epoxy phase within the spherulites, see Fig. 17(b), presumably due to the relatively poor 
adhesion between the sPS and the epoxy. Hence, the microcracks follow the fibrils, as shown 
in Fig. 17(b), which do not necessarily run radially from the centre of the spherulite, see Fig. 
9 for example. Thus, when the main crack is growing it has several options as to which way it 
may propagate, and leaves behind some arrested-paths as microcracks in the crack wake; 
which may or may not be joined to the main crack [47].  
 
 Note that the use of optical microscopy shows no evidence of voids sufficiently large 
to be observed via this technique, see Fig. 17; unlike the case for the RIPS blends. Also, 
transmission electron microscopy did not give any insight into the toughening 
micromechanisms of the CIPS blends. In summary, the main mechanisms of toughening for 
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the CIPS blends appear to be (i) crack deflection and (ii) microcracking and bifurcation of the 
main crack.  
 
6.3 Modelling of the toughening micromechanisms  
6.3.1 Modelling of the contribution from the plastic void growth mechanism  
 It has been shown that debonding and plastic void growth occur for the RIPS blends 
with a low (i.e. 8 wt.% or less) concentration of sPS. The toughening effect of a particulate 
thermoplastic phase can be predicted using the model by Huang and Kinloch [39]. This 
model assumes that the fracture specimens behave in a bulk linear-elastic manner, and that 
the energy dissipation is localised to a small plastic zone at the crack tip, as observed in the 
present work. Huang and Kinloch postulated that the measured fracture energy of a rubber or 
thermoplastic modified polymer may be expressed [39] as:  
 
Ψ+= IcuIc GG           (5)  
 
where GIcu represents the fracture energy of the unmodified epoxy, and Ψ represents the 
overall toughening contributions. Huang and Kinloch suggested that Ψ was composed of 
contributions from particle bridging, localised shear banding in the epoxy matrix, and plastic 
void growth of the epoxy matrix which is initiated by cavitation or debonding of the 
particulate phase. However, in the present work, microscopy has shown that bridging does 
not occur, and that the plastic void growth mechanism seems to be by far the dominant 
toughening micromechanism. Hence the above relationship may be written:  
 
vIcuIc ΔGGG +≈           (6)  
 
where ΔGv is the contribution to the increase in fracture energy from plastic void growth of 
the epoxy matrix. Note that the adhesion between the sPS and epoxy phases is very poor, and 
hence debonding can be assumed not to contribute to the toughening effect. The contribution 
to the increase in fracture energy from the plastic void growth mechanism, ΔGv, is given [39] 
by:  
 
( )( ) 2vmyuycfrfv2mv KrσVV/3μ1ΔG −−=        (7)  
 
where μm is a material constant, Vfv is the volume fraction of voids, Vfr is the volume fraction 
of particles, σyc is the compressive yield stress of the unmodified epoxy polymer, ryu is the 
radius of the plastic zone of the unmodified epoxy polymer, and Kvm is the maximum stress 
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concentration factor of the von Mises stress in the plastic matrix. The value of the material 
constant, μm, has been reported [48] to be between 0.175 and 0.225, and is normally taken to 
be 0.2, as reported in [39]. The material properties that were used for calculation of ΔGv are 
summarised in Table 2. The maximum stress concentration factor, Kvm, was found from a 
finite element analysis [49] to be 2.22 around a void in an epoxy matrix. (It is assumed that 
the sPS particles can be treated as voids due to the poor adhesion between the sPS and the 
epoxy phases.) Note that for simplicity this analysis assumes that the plastic zone is circular 
rather than a Dugdale line-zone. This is a reasonable assumption because the true shape of the 
plastic zones observed in the present work lies between the circular (Irwin) and Dugdale 
models. 
 
 The RIPS blend containing 6 wt.% sPS is considered in detail as an example since all 
the necessary parameters needed for the equations are known, as given in Table 2. The 
average diameter of the voids in the damage zone is much larger than the average diameter of 
the sPS particles in the undeformed bulk polymer. Thus, the volume fraction of voids, Vfv, in 
the epoxy matrix after fracture has occurred is much higher than the volume fraction of 
particles, Vfr, in the epoxy matrix before testing. The measured volume fraction of voids, Vfv, 
was 0.24, while the volume fraction of the particles, Vfr, was 0.06. The agreement between 
the prediction and the experimental fracture energy is very good, see Table 3. The measured 
toughening increment, Ψ, is 390 J/m2, while the predicted toughening from the void growth 
mechanism, ΔGv, is 410 J/m2. This confirms that plastic void growth of the epoxy matrix, 
initiated by a void being formed by the particulate sPS phase debonding, can produce the 
major increase in the value of the fracture energy, GIc, recorded in the present work for the 
RIPS blends.  
 
6.3.2 Modelling of the contribution from crack deflection  
 For the CIPS blends, the experimental data suggests that crack deflection is occurring, 
which may contribute significantly to the increase in the fracture energy that arises from the 
presence of the sPS phase. This mechanism causes an increase in the true (i.e. local) fracture 
surface area and also causes the crack to grow locally under mixed-mode I/II conditions. It is 
possible to evaluate the former toughening effect from this mechanism by (i) comparing the 
measured fracture toughness with the surface roughness, and (ii) to evaluate the latter 
toughening effect using the analysis by Faber and Evans [46].  
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 Work by Arakawa and Takahashi [50], as reported by Hull [47, 51], showed that the 
toughening effect due to an increase in the true fracture surface area gives a linear 
relationship between the surface roughness and the overall toughening contribution, Ψ [50]. 
In the present work, the average surface roughness, Ra, of the compact tension specimens of 
the CIPS blends, was measured using profilometry. The average roughness of the pure epoxy 
sample was relatively low, Ra = 0.02 µm being measured. The roughness generally increased 
with an increasing concentration of sPS, from a minimum of 2 μm at 1 wt.% sPS to a 
maximum of 12 μm at a concentration of 12 wt.% sPS. These data are shown in Fig. 18, 
where the measured roughness is plotted against the overall toughening contribution, Ψ, from 
the presence of the sPS in the CIPS blends. These do not show a linear relationship, and 
hence it appears that increases in the true (i.e. local) fracture surface area are not responsible 
for the increases in the toughness for the CIPS blends. 
 
 The measured fracture energies may also be compared to predictions using the 
analysis by Faber and Evans [46], which considers that crack deflection causes the crack to 
grow locally under mixed-mode I/II conditions. This analysis uses the shape of the particles, 
which can be assumed to be spherical in this case, and their volume fraction. The effective 
volume of the spherulitic sPS domains is much larger than the volume of sPS due to the 
epoxy that is present between the sPS fibrils. The volume fraction of the spherulitic domains 
can be calculated from the optical micrographs, see Fig. 8 for example. For the CIPS blend 
containing 8 wt.% sPS, the volume fraction of the spherulitic sPS domains is about 0.30. The 
Faber and Evans model predicts that the fracture energy for this volume fraction of spheres 
will be 1.7 times that of the unmodified epoxy. The GIc of the pure epoxy is 120 J/m2 and 
thus the predicted value of GIc from employing the Faber and Evans model is 200 J/m2. 
However, the measured fracture energy of 350 J/m2 is far higher than this predicted value.  
 
 Therefore, whilst crack deflection may contribute significantly to the toughening 
effect for the CIPS blends, it is not solely responsible for the increased toughness; and 
microcracking ahead of the crack tip and crack bifurcation may also play a significant role. 
 
7. Conclusions 
 Thermoplastic/epoxy blends were formed using a semi-crystalline thermoplastic, 
syndiotactic polystyrene (sPS), as the toughening phase. Phase-separation of dissolved sPS 
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from the epoxy occurs via two different routes. Firstly, ‘reaction-induced phase-separation’ 
(RIPS) may occur. Here the curing reaction results in the formation of the three-dimensional 
epoxy network, forcing the sPS out of solution and leading to the phase-separation of the sPS. 
Secondly, ‘crystallisation-induced phase-separation’ (CIPS) may occur. Here phase-
separation of sPS occurs before the epoxy network has been developed sufficiently to force 
the sPS out of solution. The thermal history of the blend was controlled to produce samples 
that had undergone phase-separation either by RIPS or by CIPS. For the RIPS blends at low 
thermoplastic content, the sPS was present as spherical particles, which were 1-4 µm in 
diameter. For RIPS blends containing more than 8 wt.% sPS, macro phase-separation, leading 
to a co-continuous microstructure with local phase-inversion, occurs. For the CIPS blends, 
the sPS is pre-crystallised and crystalline spherulites are formed. This microstructure does not 
change over the range of sPS content studied in the present work.  
 
 Dynamic mechanical thermal analysis showed that the initially soluble sPS has totally 
phase-separated from the cured epoxy, and that no sPS was present in the epoxy polymer 
phase(s). For the CIPS blends, the sPS is in a highly crystalline state, and hence a high Tg for 
the sPS phase is measured. For the macro phase-separated RIPS blends, the sPS is of a lower 
crystallinity, resulting in a Tg equal to that of the bulk material. The spherical RIPS particles 
of sPS have the lowest Tg, and these appear to be relatively amorphous.  
 
 The fracture toughness, KIc, of the blends was measured. The pure epoxy polymer is 
very brittle with KIc values of about 0.65 MNm-3/2, which is typical of a brittle thermosetting 
epoxy polymer. The addition of merely 1 wt.% sPS gives an immediate increase in 
toughness. A value of about 0.81 MNm-3/2 is recorded for both the RIPS and the CIPS blends. 
However, above 3 wt.% sPS the measured fracture toughness for the RIPS and CIPS blends 
differs markedly. For the RIPS blends there is a steady increase in toughness with increasing 
content of sPS, and a maximum value of KIc = 1.42 MNm-3/2 is obtained at 8 wt.% sPS; with 
the relationship between KIc and wt.% sPS being linear. Above 8 wt.% sPS, the measured 
toughness starts to decrease somewhat. On the other hand, the measured toughness of the 
CIPS blends increases only slightly for higher concentrations of sPS above 1 wt.% sPS. 
Hence, the toughness of the CIPS blends does not reach a maximum value in the same way as 
the KIc values do for the RIPS blends. The measured toughness values for the CIPS blends 
are approximately constant, within experimental error, over the range from about 1 to 12 
 27 
wt.% sPS used in the present work. For example, a value of KIc = 0.83 MNm-3/2 was 
measured for the CIPS blend containing 1 wt.% sPS, and a KIc of 0.93 MNm-3/2 was 
measured for the CIPS blend containing 8 wt.% sPS. In addition, the measured toughness 
values are much lower than those for the RIPS blends. The fracture energy, GIc, of the blends 
was calculated from the measured fracture energy and modulus, and the data show similar 
trends to the KIc values.  
 
 Microscopy was used to identify the toughening micromechanisms. For the RIPS 
blends, debonding of the sPS and epoxy phases and plastic void growth of the epoxy matrix 
occur. Debonding absorbs little or no energy because the adhesion between the sPS and 
epoxy phases is very poor. Thus, the dominant energy-absorbing micromechanism is the 
subsequent plastic void growth in the epoxy matrix, and this was predicted using an 
analytical model. The agreement between the experimental data and the theoretical 
predictions was found to be very good. In the case of the CIPS blends, the main toughening 
mechanisms identified were (i) crack deflection, and (ii) microcracking and crack bifurcation. 
Of particular importance is the deflection of the main propagating crack, which results in an 
increased roughness of the fracture surfaces and hence local mixed-mode I/II crack growth 
occurring, which requires more energy dissipation than solely mode I loading. However, 
quantitative calculations also revealed that microcracking ahead of the crack tip and crack 
bifurcation may also play a significant role in increasing the toughness of the CIPS blends. 
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Table 1  
Mechanical properties and glass transition temperatures of the sPS/epoxy blends  
 
 
Sample type Content 
of sPS 
(wt.%) 
Fracture 
toughness,  
KIc (MNm-3/2) 
Modulus, 
E (GPa) 
Glass transition 
temperature, Tg (oC) 
    Epoxy-
phase   
sPS-phase 
            Epoxy (230oC)1 n/a2 0.73 2.07 1813 n/a 
RIPS 1 0.79 2.16 183 99 
 3 0.91 2.15 182 101 
 5 1.13 2.23 184 101 
 6 1.23 2.13 183 101 
 8 1.42 2.22 183 102 
 10 1.37 2.00 184 1014 + 114 
 12 1.30 2.03 183 1014 + 117 
      Epoxy (220oC)5 n/a 0.55 2.16 179 n/a 
CIPS 1 0.83 2.20 179 -- 
 3 0.87 2.23 176 ~1406 
 5 0.88 2.17 179 ~1406 
 8 0.93 2.19 178 ~1406 
 10 0.98 2.19 178 ~1406 
 12 0.91 2.19 180 ~1406 
      sPS 100 n/d7 2.59 n/a 114 
       
 
Notes: 
1The pure epoxy and the RIPS blends were cured at 230oC.  
2Not applicable.  
3The typical reproducibility of the Tg values was ±1oC.  
4Is present as a shoulder on the main peak at 115±1oC.  
5The pure epoxy and the CIPS blends were cured at 220oC.  
6No separate peak was detected for the sPS phase, but there was a shoulder on the tan δ peak 
of the epoxy phase, typically starting at a temperature of about 105oC.  
7Not determined. (KIc = 0.34 MNm-3/2 is quoted in ref. [28].)  
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Table 2  
Material properties of the pure epoxy and the RIPS blend containing 6 wt.% sPS. Values are 
used for calculation of the fracture energy, GIc, and for the contribution to the increase in 
fracture energy from the plastic void growth mechanism, ΔGv.  
 
 
    Material 
Property Symbol Reference Units Epoxy1 6 wt.% RIPS 
Fracture toughness KIc 2 MNm-3/2 0.73 1.23 
Modulus E 2 GPa 2.07 2.20 
Poissons ratio ν [30] - 0.35 - 
Compressive yield stress σyc [38] MPa 97.8 - 
Plastic zone radius ry 3 μm 4.7 - 
Material constant μm [39] - 0.2 - 
Volume fraction of rubber Vfr 2 - - 0.24 
Volume fraction of voids  Vfv 2 - - 0.06 
 
 
Notes:  
1The pure epoxy was cured at 230oC as for the RIPS blends.  
2Measured in the present work.  
3Calculated using Equation 2.  
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Table 3  
Measured values of the fracture energy, GIc, the overall toughening contribution, Ψ, and the 
calculated contribution to the increase in fracture energy from the plastic void growth 
mechanism, ΔGv, for the RIPS blend containing 6 wt.% sPS.  
 
 
   Material 
Property Symbol Units Epoxy1 6 wt.% RIPS 
Measured fracture energy GIc J/m2 230 620 
Measured toughening increment Ψ J/m2 - 390 
Predicted toughening from void growth ΔGv J/m2 - 410 
 
 
Note:  
1The pure epoxy was cured at 230oC as for the RIPS blends.  
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Fig. 1. Fracture toughness, KIc, of the sPS/epoxy blends. (‘□’ represents the pure epoxy and 
RIPS blends cured at 230oC, while ‘○’ represents the pure epoxy and CIPS blends cured at 
220oC. Error bars are ±1 standard deviation.)  
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Fig. 2. Reflection optical micrograph of a polished sample of the RIPS blend containing 8 
wt.% sPS.  
100 μm 
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Fig. 3. Transmission electron micrograph of the RIPS blend containing 6 wt.% sPS. 
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(a)  
 
 
(b)  
 
 
 
 
 
 
 
 
 
Fig. 4. Scanning electron micrographs of the fracture surfaces of RIPS blends, showing 
spherical sPS particles in the epoxy matrix for samples containing (a) 1 wt.% sPS; (b) 5 wt.% 
sPS; and (c) 8 wt.% sPS, and (d) magnified view showing voids around the particles for the 
sample containing 8 wt.% sPS. (The direction of the crack growth is from right to left.)  
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Fig. 4. (continued)  
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Fig. 5. Reflection optical micrograph of a polished sample of the RIPS blend containing 10 
wt.% sPS.  
500 μm 
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(a)  
 
 
(b)  
 
 
 
 
 
 
 
 
 
Fig. 6. Scanning electron micrographs of fracture surface of the RIPS blend containing 10 
wt.% sPS, showing (a) the macro phase-separation of sPS; and (b) local phase-inversion 
giving epoxy particles in the macro separated sPS phase. (The direction of the crack growth is 
from right to left.)  
50 μm 
500 μm 
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Fig. 7. Scanning electron micrographs of the fracture surfaces of the CIPS blends. Samples 
contain: (a) 1 wt.% sPS; (b) 8 wt.% sPS; and (c) 12 wt.% sPS. (The direction of the crack 
growth is from right to left.)  
50 μm 
50 μm 
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Fig. 7. (continued) 
50 μm 
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Fig. 8. Reflection optical micrograph of a polished sample of the CIPS blend containing 8 
wt.% sPS. The darker areas are domains that contain spherulitic sPS, whereas the brighter 
area is the epoxy matrix. 
500 μm 
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Fig. 9. Transmission electron micrograph of the CIPS blend containing 8 wt.% sPS. 
2 μm 
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Fig. 10. DMTA scans of the cured epoxy, pure sPS and sPS/epoxy blends showing the values 
of (a) modulus; and (b) tan δ. (The pure epoxy was cured at 220oC, as in the preparation of 
the CIPS sPS/epoxy blends. The RIPS and CIPS blends contain 8 wt.% sPS.)  
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Fig. 11. DMTA scan of tan δ versus temperature of the RIPS blend containing 12 wt.% sPS.  
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Fig. 12. DMTA scans of tan δ versus temperature of the CIPS blends and the pure epoxy 
cured at 220oC. The blends contain from 1 to 12 wt.% sPS.  
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Fig. 13. Transmission optical micrographs obtained using polarized light of the (a) RIPS and 
(b) CIPS blends containing 8 wt.% sPS.  
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Fig. 14. Fracture energy, GIc, of the sPS/epoxy blends. (‘□’ represents the pure epoxy and 
RIPS blends cured at 230oC, while ‘○’ represents the pure epoxy and CIPS blends cured at 
220oC. Error bars are ± 1 standard deviation.)  
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Fig. 15. Transmission electron micrographs of a DN-4PB specimen of the RIPS blend 
containing 6 wt.% sPS. The micrographs show the damage zone at the sub-critical crack tip.  
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Fig. 16. Transmission optical micrograph of the DN-4PB specimen of the RIPS blend 
containing 8 wt.% sPS, showing the damage zone at the sub-critical crack tip.  
50 μm 
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(b)  
 
 
 
Fig. 17. Transmission optical micrographs of a DN-4PB specimen of the CIPS blend 
containing 8 wt.% sPS. The micrographs show (a) the machined notch and the sub-critical 
crack; and (b) the tip of the sub-critical crack, where crack deflection and bifurcation are 
observed. (The direction of the crack growth is from right to left.)  
500 μm 
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Fig. 18. Average roughness of the fracture surfaces versus measured overall toughening 
contribution for the pure epoxy polymer, cured at 220oC, and the CIPS blends.  
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